The induction of synaptic plasticity is known to be influenced by the previous history of the synapse, a process termed metaplasticity. Here we demonstrate a novel metaplasticity in which group I metabotropic glutamate receptor (mGluR)-dependent long-term depression (LTD) of synaptic transmission is regulated by previous mGluR activation. In these studies, the group I mGluR-dependent LTD induced by the selective agonist (RS)-3,5-dihydroxyphenylglycine (DHPG-LTD) was inhibited by previous preconditioning brief high-frequency stimulation (HFS), regardless of whether the preconditioning HFS induced longterm potentiation. Blockade of NMDA receptors during the preconditioning HFS did not alter the inhibition of DHPG-LTD by the HFS. However, antagonism of mGluRs during the preconditioning HFS did prevent the inhibition of DHPG-LTD by the HFS. In addition, blocking PKC stimulation during the preconditioning HFS also prevented the inhibitory effect of HFS on DHPG-LTD. The DHPG-LTD itself was not inhibited by blocking PKC stimulation but was inhibited by blocking the p38 mitogenactivated protein kinase (MAPK) pathway. Thus, whereas the DHPG-LTD is mediated via activation of the p38 MAPK pathway, the inhibitory effects of preconditioning HFS on DHPG-LTD are mediated via stimulation of group I/II mGluRs, activation of PKC, and subsequent blocking of the functioning of group I mGluR.
Long-term depression (LTD) of synaptic transmission can be induced by certain types of repetitive stimulation, especially prolonged low-frequency stimulation (LFS) (Dudek and Bear, 1992; Mulkey and Malenka, 1992; Abraham and Bear, 1996) . Sustained depression of synaptic transmission can also be induced from the long-term potentiated (LTP) level, a phenomena often referred to as depotentiation (DP) (Barrionuevo et al., 1980; Fuji et al., 1991) . The induction of LTD and DP is of two general forms, depending on the activation of either NMDA receptors (NMDARs) (Fuji et al., 1991; Dudek and Bear, 1992; Mulkey and Malenka, 1992; Holland and Wagner, 1998) or metabotropic glutamate receptors (mGluRs) (Bolshakov and Siegelbaum, 1994; O'Mara et al., 1995) .
Group I mGluR-dependent LTD has been induced in the hippocampus by an increased level of synaptic stimulation (Oliet et al., 1997; Kemp and Bashir, 1999; Huber et al., 2000; Wu et al., 2001) . However, such synaptically stimulated group I mGluRdependent LTD has been difficult to induce reliably in the absence of blockade of NMDAR. An alternative method that has been used frequently to induce group I mGluR dependence is application of the selective group I mGluR agonist (RS)-3,5-dihydroxyphenylglycine (DHPG) (Palmer et al., 1997; Fitzjohn et al., 1998 Fitzjohn et al., , 1999 Fitzjohn et al., , 2001 Camodeca et al., 1999; Huber et al., 2000 Huber et al., , 2001 Xiao et al., 2001) . Little is known about the mechanisms of induction and the site of expression of DHPG-LTD. Thus, the intracellular signaling transduction mechanism mediating DHPG-LTD has not been identified, and the presynaptic versus the postsynaptic site of expression of the DHPG-LTD is debatable. Certain studies have presented evidence for a postsynaptic site of expression of DHPG-LTD, with DHPG-LTD in CA1 hippocampus involving a rapid postsynaptic protein synthesis (Huber et al., 2000) , a long-lasting loss of postsynaptic AMPA receptors (Snyder et al., 2001; Xiao et al., 2001) , and a reduction in miniature EPSC amplitude in CA1 (Xiao et al., 2001) . In contrast, a presynaptic site of expression has been proposed on the basis that DHPG-LTD was associated with a change in paired-pulse facilitation and coefficient of variation in CA1 (Fitzjohn et al., 2001) .
The induction of synaptic activity can be modulated by previous/preconditioning synaptic activity, with the term metaplasticity introduced to encompass such phenomena (Abraham and Bear, 1996) . For example, the induction of LTP is inhibited by preconditioning weak high-frequency stimulation (HFS) (Huang et al., 1992) . Moreover, the induction of NMDAR-dependent LTD is enhanced by previous HFS (Christie and Abraham, 1992; Wagner and Alger, 1995; Holland and Wagner, 1998) . In the present study, we investigated metaplasticity pertaining to group I mGluR-dependent LTD at the medial perforant path to granule-cell synapse in the dentate gyrus of the rat hippocampal formation. We show that DHPG-LTD does not occur after HFS activation of mGluRs, and that although the DHPG-LTD is mediated via activation of the p38 mitogen-activated protein kinase (MAPK) pathway, the inhibition of DHPG-LTD is mediated via the stimulation of PKC.
MATERIALS AND METHODS
All experiments were performed on transverse slices of the rat hippocampus (age 3-4 weeks; weight 40 -80 gm) (Bioresources Unit, Trinity College, Dublin, Ireland). Animal use was approved by the Bioresources Committee, Trinity College. The brains were rapidly removed after decapitation and placed in a cold oxygenated (95% O 2 and 5% C O 2 ) medium. Slices were cut at a thickness of 350 m using a C ampden Vibroslice (C ampden Instruments, L oughborough, UK) and placed in a storage container containing an oxygenated medium at room temperature (20 -22°C). The slices were then transferred as required to a recording chamber for submerged slices and continuously superf used at a rate of 6 -7 ml/min at 30-32°C. The control medium contained (in mM): 120 NaC l, 2.5 KC l, 1.25 NaH 2 P0 4 , 26 NaHC0 3 , 2.0 MgS0 4 , 2.0 CaCl 2 , and 10 D-glucose. All solutions contained 50 M picrotoxin (Sigma, St. L ouis, MO) to block GABA A -mediated activity.
Standard electrophysiological techniques were used to record field potentials. Presynaptic stimulation was applied to the medial perforant pathway of the dentate gyrus, and field EPSPs were recorded at a control test frequency of 0.0167 Hz from the middle third of the molecular layer of the dentate gyrus. The inner (suprapyramidal) blade of the dentate gyrus was used in all studies. In each experiment, an input-output curve (afferent stimulus intensity vs EPSP amplitude) was plotted at the test frequency. For all experiments, the amplitude of the test EPSP was adjusted to one-third of maximum, usually ϳ1-1.2 mV. The baseline was considered to be stable if no change in the EPSP occurred for 30 min before application of DHPG. LTP was evoked by HFS consisting of eight trains, each of eight stimuli at 200 Hz, with an intertrain interval of 2 sec; the stimulation voltage was increased during the HFS amplitude so as to elicit an EPSP of double the normal test EPSP amplitude. The drugs used were D(Ϫ)-2-amino-5-phosphonopentanoic acid (D-AP-5) (Sigma), 2S-2amino-2-(1S,2S-2-carboxycyclopropyl-1-yl)-3-(xanth-9-yl)propanoic acid (LY341495) (Tocris Cookson, Bristol, UK), bisindolylmaleimide I (Bis-I) (Sigma), and 4-(4-fluorophenyl)-2-(4-methylsulfonylphenyl)-5-(4-pyridyl) imidazol (SB203580) (C albiochem, L ucerne, Switzerland). Recordings were analyzed using pC lamp (Axon Instruments, Foster C ity, CA). Values are the means Ϯ SEM for n slices. The two-tailed Student's t test was used for statistical comparison.
RESULTS

Preconditioning HFS inhibits DHPG-LTD
Group I mGluR-dependent LTD of field EPSPs was induced by the application of DHPG, which is a selective agonist at group I mGluRs (Ito et al., 1992) , with the EC 50 value of the most active isomer, ( S)-DHPG, being 11 M (Baker et al., 1995) . DHPG has been shown previously to induce LTD at the medial perforant path to the granule-cell synapse (Camodeca et al., 1999) in a manner similar to that found in CA1 (Palmer et al., 1997; Fitzjohn et al., 1999; Huber et al., 2000) .
In control experiments, perfusion of DHPG (20 M) for 15 min induced a depression of field EPSPs that persisted after the washout of DHPG-LTD. The DHPG-induced LTD measured 24 Ϯ 3% (n ϭ 7; p Ͻ 0.01) ( Fig. 1 A,B ), a value of LTD similar to that obtained in previous experiments (Camodeca et al., 1999) . After HFS-induced LTP, DHPG failed to induce LTD from the LTP level when applied at 15 min after HFS. In controls, HFSinduced LTP attained a peak value of 201 Ϯ 10% (n ϭ 7) at 2 min after HFS and then declined very gradually, attaining a value of 148 Ϯ 8% (n ϭ 7) 90 min after stimulation ( Fig. 2 A,B) . Perfusion of DHPG 15 min after HFS for 15 min did not result in a significant difference from the control level of LTP, with EPSPs measuring 155 Ϯ 6% (n ϭ 5) in DHPG-treated specimens compared with 148 Ϯ 8% (n ϭ 7) in controls ( p Ͼ 0.05) (Fig. 2C,D) .
Antagonism of NMDAR does not reverse the preconditioning HFS inhibition of DHPG-LTD
The initial experiments demonstrating that the preconditioning HFS inhibits the induction of LTD by DHPG suggest that the HFS is altering the signaling of a certain receptor. Because NMDARs are known to be activated by HFS, the involvement of such receptors in the inhibition of DHPG-LTD was investigated by applying the NMDAR antagonist D-AP-5 during the preconditioning HFS.
D-AP-5 (100 M), applied before the HFS and then washed out immediately after it, inhibited the induction of LTP but did not reverse blocking of the DHPG-induced LTD. Thus, after HFS given in the presence of D-AP-5, there was no change in baseline (104 Ϯ 3%; n ϭ 6; p Ͼ 0.05). The application of DHPG did not induce LTD under such conditions (i.e., DHPG-LTD from the baseline did not occur after a preconditioning HFS in D-AP-5); the EPSP measured 101 Ϯ 3% (n ϭ 6; p Ͼ 0.05) 45 min after DHPG washout (Fig. 3A,B) . The absence of DHPG-LTD in these experiments was not attributable to a block of the DHPG-LTD by incomplete washout of the D-AP-5, because DHPG-LTD was found to be independent of NMDAR activation in previous experiments at this synapse (Camodeca et al., 1999) , a finding verified in the present study (data not shown). The inability of DHPG to induce LTD from the baseline after preconditioning HFS in the presence of D-AP-5 demonstrates that neither the activation of NMDAR nor the induction of LTP is required for the preconditioning inhibition of the DHPG-LTD. The input specificity of the inhibition of DHPG-LTD was also investigated in the presence of D-AP-5. In these experiments, two independent pathways were monitored simultaneously in the hippocampal slice, with independence being verified by a lack of interaction between the electrodes in paired-pulse depression experiments. Figure 3C ,D demonstrates evidence for a lack of input specificity, with the HFS applied to one pathway inhibiting DHPG-LTD in the heterosynaptic as well as the homosynaptic pathway. DHPG caused no reduction in EPSPs, measuring 97 Ϯ 9% in the stimulated pathway and 93 Ϯ 3% in the nonstimulated pathway (n ϭ 5; p Ͼ 0.05).
Antagonism of mGluRs reverses the preconditioning HFS inhibition of DHPG-LTD
Because mGluRs are also likely to be activated during the preconditioning HFS, their involvement in the inhibition of DHPG-LTD was investigated by applying an mGluR antagonist during the preconditioning HFS. We used the mGluR antagonist LY341495, which is a potent antagonist of group I and group II mGluRs. LY341495 has been shown to inhibit group II mGluRs at low nanomolar concentrations and group I mGluRs at low micromolar concentrations (Fitzjohn et al., 1998; Kingston et al., 1998) . LY341495 (20 M) was found to reverse the preconditioning HFS blockade of DHPG-induced LTD. In control experiments in which LY341495 (20 M) was applied before the HFS and washed out immediately after the HFS, and in which DHPG was not applied, the induction of LTP was not inhibited, measuring 179 Ϯ 4% (n ϭ 5) (Fig. 4 A,B) . In experiments in which LY341495 (20 M) was present during the preconditioning HFS and DHPG was applied 15 min after HFS, DHPG application did induce LTD from the LTP level; the DHPG-LTD measured 141 Ϯ 9% (n ϭ 5; p Ͻ 0.01) (Fig. 4C,D) , an LTD of 23%.
These experiments demonstrate that the activation of mGluRs during the preconditioning HFS is involved in the inhibition of DHPG-induced LTD from the LTP level.
Antagonism of mGluR and NMDAR during the preconditioning HFS results in DHPG-LTD from baseline
To further determine whether DHPG-LTD could be induced from the baseline level when the activation of mGluRs was inhibited during the preconditioning HFS, experiments were performed in which both NMDARs and mGluRs were inhibited by the presence of D-AP-5 and LY341495 during the preconditioning HFS. In control experiments, HFS applied in the presence of D-AP-5 (100 M) and LY341495 (20 M) evoked a transient depression lasting 5-10 min, followed by a return to baseline (Fig.  5A,B) . In an additional set of experiments, DHPG was applied 15 min after the preconditioning HFS given in D-AP-5 and LY341495. DHPG-LTD was induced in such experiments, measuring 21 Ϯ 2% (n ϭ 6; p Ͻ 0.01) (Fig. 5C,D) .
These experiments demonstrate that the activation of mGluRs during the preconditioning HFS is involved in the inhibition of DHPG-stimulated and synaptically stimulated induction of LTD from the baseline level.
PKC mediates the preconditioning HFS inhibition of DHPG-LTD but not the DHPG-LTD
PKC is widely known to be stimulated after the activation of group I mGluRs (Conn and Pin, 1997) . Therefore, we performed a set of experiments designed to investigate whether PKC stimulation mediated the DHPG-LTD and also whether the preconditioning HFS blockade of DHPG-LTD involved PKC stimulation by the preconditioning HFS.
PKC was inhibited with the potent and selective PKC inhibitor Bis-1. This compound has been shown previously to inhibit PKC in enzyme assays with a K i of 10 nM and to inhibit other kinases only at much higher concentrations, for example, PKA with a K i of 2 mM (Nixon et al., 1992) . Because Bis-1 acts competitively with respect to ATP (which is used at a lower concentration than that present in intact cells), Bis-1 was used at 2 M in the present experiments. The experiments were performed in the presence of D-AP-5 to prevent the induction of LTP.
We first determined whether DHPG-LTD was mediated via PKC stimulation. Bis-1 (2 M) was preapplied for 1 hr before, during, and after DHPG application. DHPG-LTD was not inhibited by Bis-1 (2 M), measuring 18 Ϯ 4% (n ϭ 4; p Ͼ 0.05) (Fig.  6 A,B) .
We next determined the involvement of PKC stimulation in the preconditioning HFS inhibition of DHPG-LTD. Thus, Bis-1 was preperfused for at least 1 hr before the preconditioning HFS, followed by the addition of D-AP-5, and then washed out after the preconditioning HFS. DHPG was applied 15 min after the preconditioning HFS had been given in the presence of Bis-1 and D-AP-5. The inhibition of PKC stimulation by Bis-1 during the preconditioning HFS resulted in a reversal of the preconditioning HFS block of the DHPG-induced LTD; the DHPG-LTD measured 28 Ϯ 4% (n ϭ 7; p Ͻ 0.01) (Fig. 6C,D) .
These experiments show that although PKC stimulation is not involved in the induction of DHPG-LTD, the PKC stimulated by the preconditioning HFS does inhibit subsequent DHPG-LTD.
DHPG-LTD is dependent on activation of the p38 MAP kinase
We determined whether DHPG and synaptically induced LTD were dependent on activation of the p38 MAPK pathway with the use of the p38 MAPK inhibitor SB203580. SB203580 is a highly selective p38 MAPK inhibitor with an IC 50 value of 34 nM (Lee et al., 1994) . SB203580 (1 M) was preperfused for at least 1 hr before the application of DHPG. No change in baseline was observed. However, SB203580 did prevent induction of LTD by DHPG. Thus, DHPG-LTD measured 100 Ϯ 1% (n ϭ 6; p Ͼ 0.05) in the presence of SB203580, demonstrating that p38 MAPK stimulation is required for DHPG-LTD (Fig. 7A,B) .
DISCUSSION
In the present studies we have shown that the ability to induce DHPG-LTD is regulated by the previous activation of mGluRs. Evidence is presented that a preconditioning HFS prevents the subsequent induction of DHPG. The inhibition of the mGluRdependent LTD by the preconditioning HFS involves stimulation of PKC via the activation of mGluRs. The most likely mechanism of such inhibition of LTD induction is a PKC-mediated inactivation of group I mGluRs via a classical feedback loop, with the activation of mGluRs by the preconditioning HFS resulting in stimulation of PKC and subsequent inactivation of the group I mGluRs. One possible way in which this could occur is by desensitization, because desensitization of group I mGluRs by mGluRmediated stimulation of PKC is a well known phenomenon (Schoepp and Johnson, 1988; Guerineau et al., 1997; Gereau and Heinemann, 1998; Alagarsamy et al., 1999) . Moreover, analysis of PKC phosphorylation site mutants has revealed several sites, including most effectively, serine/threonine 881 and 890, at which desensitization of mGluR5 occurs (Gereau and Heinemann, 1998) .
A novel aspect of the present study was the ability to produce inactivation of group I mGluR functioning by a very brief physiological stimulation, preconditioning HFS. Previous studies of inactivation/desensitization of mGluRs have involved application of a glutamate agonist, often for prolonged periods of 30 min to several hours in neurochemical experiments, although agonist applications of 1-2 min have been shown recently to be effective at evoking a desensitization of group I mGluRs in physiological experiments (Guerineau et al., 1997; Gereau and Heinemann, 1998) .
Evidence for involvement of mGluRs in the preconditioning inhibition of DHPG-LTD was attained using the mGluR antagonist LY341495. LY341495 is a potent group II mGluR antagonist at low nanomolar concentrations , but it also inhibits group I mGluRs at low micromolar concentrations . In slices, LY341495 inhibits DHPGstimulated phosphatidylinositol (PI) hydrolysis with a K i value of 1.4 M and inhibits DHPG potentiation of NMDAR depolarizations with an IC 50 of 1.4 M (Fitzjohn et al., 1998) . Thus, the concentration of LY341495 that was effective in the present study (20 M) will have inhibited activation of both group I and group II mGluRs. Therefore, it is possible that coactivation of both group I and group II mGluRs is required for HFS inhibition of DHPG-LTD. In support of this theory, neurochemical studies have shown evidence for a strong synergistic interaction between group I and group II mGluRs in the stimulation of PI hydrolysis in the adult hippocampus, with DHPG alone only weakly stimulating PI hydrolysis but coapplication of DHPG with a group II mGluR agonist resulting in a very large stimulation of PI hydrolysis (Schoepp et al., 1996 . Both group I and group II mGluRs are present at high concentrations at the medial perforant path-granule-cell synapses (Shigemoto et al., 1997) . Detailed pharmacological identification of the mGluR receptor(s) responsible for the inhibition of DHPG-LTD was attempted but was unsuccessful because of difficulty in pharmacological selectivity and adequate washout of available antagonists. Overall, we favor the theory that the HFS preconditioning stimulation activates both group I and group II mGluRs, resulting in the strong stimulation of PKC and in the subsequent desensitization and inhibition of group I mGluRs.
The present study shows that the DHPG-LTD was mediated via activation of the p38 MAPK pathway. Although the signal transduction pathway underlying DHPG-LTD has not been identified previously, the induction of group I mGluR-LTD by presynaptic stimulation has been shown recently to be mediated via the p38 MAPK pathway in CA3-CA1 synapses (Bolshakov et al., 2000) . The finding of an identical signal transduction pathway responsible for DHPG-LTD and presynaptically stimulated group I mGluR-LTD strengthens the similar underlying mechanisms of the LTD induced by these two methods. In agreement with the studies of Schnabel et al. (1999) , we found that PKC stimulation was not involved in the mediation of DHPG-LTD. Rather, the role of the stimulated PKC was to exert control on a separate intracellular signaling pathway evoked by stimulation of the group I mGluR, that of p38 MAPK. Previous studies using neurochemical techniques have shown that metabotropic receptors can be linked to a variety of intracellular signaling pathways, and that activation of one pathway can alter stimulation of a separate pathway (Luttrell et al., 1999) . However, the present study is a novel physiological demonstration of the interaction between intracellular signaling pathways.
This study emphasizes the importance of activation of mGluRs not only in directly mediating synaptic plasticity but also in modulating subsequent synaptic plasticity via a metaplastic function. The present study clearly demonstrates a type of metaplasticity in which activation of mGluRs modulates a subsequent synaptic plasticity that is dependent solely on mGluR activation (i.e., the preconditioning activation of mGluRs modulated an mGluR-dependent LTD). Previous studies have demonstrated that mGluRs can participate in a second form of metaplasticity in which preconditioning activation of mGluRs modulates subsequent NMDAR-dependent plasticity. Thus, activation of group I and II mGluRs by preconditioning HFS in the medial perforant path of the dentate gyrus resulted in a subsequent induction of NMDAR-dependent LTP by group II mGluR activation ; agonist activation of mGluRs before HFS enhanced the amplitude of subsequent HFS-induced NMDAR-dependent LTP in CA1 (Cohen and Abraham, 1996) , and in the amygdala; a preconditioning HFS operating via activation of group II mGluR altered the response to LFS from the induction of NMDAR-dependent LTP to LTD (Li et al., 1998) .
